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However, regulation of the caspase activation and their substrates has not yet been fully elucidated. Here we
explore the effect of the ectopic expression of the human initiator caspases-8 and -10 in Saccharomyces
cerevisiae. Our results showed that the expression of human CASP10 and CASP8 triggers certain apoptotic
markers such as a massive production of reactive oxygen species (ROS), chromatin condensation and
phosphatidylserine externalization, ﬁnally leading to cell death. In response to hydroxyurea (HU), yeast cells
expressing caspase-10 did not reduce the replication of DNA and escaped to the intra-S checkpoint of the cell
cycle. In addition, caspase-10 expression induced yeast vacuolization and a vacuole-associated phenotype
resembling autophagy. Other intracellular alterations such as disorganization of the actin cytoskeleton, cell
wall damage, and aberrations within the endoplasmic reticulum lumen were also associated with caspase-10
expression. Furthermore, caspase-induced cell death was completely dependent on the proteolytic activation
of the enzyme but, in contrast, was not dependent on either of the endogenous yeast apoptotic proteins Aif1
and Mca1 or the mitochondria.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionCaspases are a family of cysteine proteases that cleave awide range
of substrates at their aspartate residues. Caspases are involved both in
inﬂammation and apoptosis, and their mechanisms of activation are
fairly similar in both processes. Regarding their role during the course
of apoptosis, caspases can be classiﬁed as initiators and effectors
(Scheme 1). Initiator caspases are responsible for eliciting the
apoptotic pathways (extrinsic and intrinsic), acting as a link between
the sensor/adaptor proteins and the effector caspases that function as
the true executioners of the apoptotic program [1]. The extrinsic
pathway is initiated by the activation of death receptors at the plasma
membrane, whereas the intrinsic pathway is triggered by intracellular
signals (Scheme 1) [2].
Caspases are primarily expressed as inactive zymogens that need
to be activated through proteolysis. Mammalian initiator caspases
contain N-terminal protein–protein interaction domains, which
belong to the death domain (DD) superfamily. The principal mechan-
ism for the activation of initiator caspases is their oligomerization and
recruitment to death complexes designated as the PIDDosome, the34 923 224876.
l rights reserved.DISC (death-inducing signaling complex) and the apoptosome
(Scheme 1), which allow the autocatalytic intrachain cleavage of the
caspases, dimerization of the catalytic subunits and activation [1,2].
Caspase-8 and -10 are activated at the DISC, which includes death
receptors at the plasma membrane (Fas), adaptor proteins (FADD) and
caspases. Active caspases-8 and -10 are able to exert a proteolytic
activation of downstream caspases-3, -6 and -7 that ﬁnally lead to the
clearance of certain substrates [3,4].
Apoptosis is a conserved physiological process that is also present
in some unicellular organisms [5,6]. Indeed, a number of groups have
reported the existence of a suicide program in Saccharomyces
cerevisiae as an adaptative mechanism to the changing environment
[5,7]. Several yeast orthologues of mammalian genes participating in
apoptosis such as the metacaspase (MCA1), AIF1, Omi (NMA111) and
EndoG (NUC1) have also been identiﬁed in S. cerevisiae [8–11]. In
addition, the budding yeast S. cerevisiae has been successfully
employed for the identiﬁcation and characterization of several
mammalian apoptotic proteins. For example, the mammalian Bax
inhibitor-1 was ﬁrst identiﬁed as a suppressor of Bax-induced cell
death in S. cerevisiae [12]. Bax and Bak-induced lethality in yeast is
also rescued by co-expression of anti-apoptotic Bcl-2 proteins [13].
Previous works have also reported that the heterologous expression of
certain human caspases, including the initiator caspases-2 and -8, kills
S. cerevisiae in a manner independent of the yeast MCA1 and AIF
Scheme 1. Apoptotic pathways in mammals.
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have not been fully elucidated [14,15]. Furthermore, it has also been
reported that the isoform A of human caspase-10 does not induce cell
death in S. cerevisiae [14].
Here we describe the effect of the heterologous expression of
human initiator caspases-8 and -10 in S. cerevisiae. The full-length
transcript variant of human CASP10 (encoding the longest isoform D),
and two transcript variants of CASP8 (encoding the isoform C and a
novel unknown isoform) induce cell death in S. cerevisiae. Several
phenotypes associated with their expression are presented and
discussed.
2. Materials and methods
2.1. S. cerevisiae strains and culture media
The S. cerevisiae strains used in this study are listed in
Supplementary Data Table 1. Cells were routinely grown at 28 °C in
synthetic complete medium lacking either uracil or leucine (SC-Ura or
SC-Leu) and containing either 2% glucose or 2% galactose plus 1%
rafﬁnose as carbon sources. Growth on liquid cultures was monitored
spectrophotometrically at O.D.600 nm. The respiratory deﬁciency of the
rho− strains was conﬁrmed by complete lack of growth on obligatory
respiratory media (2% glycerol as the only carbon source).
2.2. Cloning and expression of human CASP8 and CASP10 genes
The ORFs encoding human caspase-8 and -10 were ampliﬁed from
a Jurkat cell cDNA library by PCR, using the primers listed in
Supplementary Data Table 2. Human CASP8 and CASP10 ORFs were
veriﬁed by DNA sequencing of the entire fragments. The ORFs
corresponding to human CASP8 were cloned between the BamHI
and SalI restriction sites of the yeast episomal expression vector pESC-
LEU (Stratagene) under the control of the GAL1 promoter. Human
CASP10 ORF was cloned into the NotI–SacI sites of the pESC-URA
expression vector (Stratagene) under the control of the GAL10
promoter. The pESC-LEU/CASP8 and pESC-URA/CASP10 constructs
were used to transform the S. cerevisiae strains BY4741, rho−, Δaif1
and Δmca1 following the TRAFO method [16]. The resulting
transformants were selected for by either leucine or uracil proto-
trophy. Expression of the ORFs corresponding to human caspase-8 and
caspase-10 was carried out in galactose/rafﬁnose-containing medium.2.3. Analysis of the DNA contents
Yeast cells were grown in synthetic complete media with either
glucose or galactose/rafﬁnose to an OD600 nm of 0.1. For HU treatment,
the cultureswere incubatedwith 0.2MHU for 2 h. Aliquotswere taken
at the indicated times, centrifuged and ﬁxed in 70% ethanol overnight
at 4 °C. The samples were resuspended in 400 μl of 50 mM sodium
citrate, 0.2 μg/ml RNase and were incubated overnight at 37 °C. Then,
200 μl of 50 mM sodium citrate, 55 mM HCl and 5 mg/ml pepsin were
added to each sample and the samples were incubated for 15 min at
37 °C. Finally, 400 μl of 50 mM sodium citrate containing 10 μg/ml
propidium iodidewas added and the sampleswere sonicated brieﬂy to
avoid agglutination. Samples were analyzed by ﬂow cytometry using a
FACS SORT (Becton Dickinson) and Cell Quest software.
2.4. Cell viability analyses
The cell viability of S. cerevisiae expressing human caspase-10 was
assessed using three different methods: a clonogenic assay, FUN-1
staining (Molecular Probes) and the resazurin staining (Sigma). For the
clonogenic assay, S. cerevisiae cells transformed with either the pESC-
URA empty vector or the pESC-URA/CASP10 vector were grown in non-
inducing conditions (glucose) to an OD600 nm of 0.1. The cultures were
harvested, washed three times with sterile water and resuspended in
SC-Ura media with either glucose (non-inducing conditions) or
galactose/rafﬁnose (inducing conditions) as carbon sources. After
induction of caspase-10 expression at different time points the cells
were plated onto SC-Ura media with glucose as a carbon source. The
number of surviving colonies was counted and the results are shown as
a percentage of the number of colonies in induced cultureswith respect
to the non-induced cultures. The FUN-1 stain allows metabolically
active cells (living cells) to be determined, which are marked with red
ﬂuorescent intravacuolar structures; in contrast, dead cells exhibit a
diffuse green citoplasmic ﬂuorescence. Resazurin is a redox indicator
that becomes ﬂuorescent red in metabolically active cells. The FUN-1
staining was carried out as described [17] and the resazurin staining
was performed as recommended by the manufacturer.
2.5. Site-directed mutagenesis of human CASP10
Amino acid substitutions in human caspase-10 were introduced by
site-directed mutagenesis of the CASP10 gene through PCR techniques
Fig. 1. Heterologous expression of human caspase-8 and caspase-10 inhibits growth in
S. cerevisiae. (A) Domain organization of the caspase-8 and -10 isoforms used in this
study. (B) Plate assay of S. cerevisiae strains expressing CASP8 and CASP10 genes. The
expression of BAX was used as a positive control for lethality and empty vectors were
used as negative controls. (C) Growth curves of the caspase-expressing strains
performed in either SC-Ura or SC-Leu and containing either 2% glucose or 2% galactose
plus 1% rafﬁnose as carbon sources. Data presented are means of three independent
experiments.
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which represents the active site, was changed to a glycine residue;
also the Asp219 and Asp416, which are involved in the proteolytic
activation of caspase-10, were replaced by alanine residues. The three
mutant ORFs were checked by DNA sequencing of the entire
fragments.
2.6. Tests for apoptotic markers in S. cerevisiae
Intracellular free radicals were detected with 2′,7′-dichlorodihy-
droﬂuorescein diacetate (DCFH-DA, Sigma) and dihydroethidium
(DHE, Sigma). Phosphatidylserine externalization was detected with
the Apoalert AnnexinV Apoptosis Kit (Clontech) as previously
described [18]. Genomic DNA fragmentation was analyzed by
pulsed-ﬁeld gel electrophoresis using a CHEF system (Bio-Rad) to
separate the yeast chromosomes as previously described [19].
2.7. Assessment of organelle integrity
SYTO18 yeast mitochondrial stain (Molecular Probes), MDY-64
membrane vacuole staining (Molecular Probes) and phalloidin
(Molecular Probes) were used to analyze yeast mitochondria, vacuoles
and the actin cytoskeleton, respectively.
2.8. Western-blot analysis of human caspase-10
Cells expressing human caspase-10 were resuspended in 5 ml of
20 mM Hepes ph 7.4; 80 mM KCl, 10 mM MgCl2, 0.2 mM EDTA, 1 mM
DTT, 0.5% w/v CHAPS and disrupted using a French Press system at
1120 psi. Cell lysates were centrifuged at 13.000 rpm for 30 min and
the soluble fractionwas separated by SDS-PAGE. Proteins were blotted
onto a PVDF membrane (Millipore) and human caspase-10 was
detected with a polyclonal anti-caspase10 p10 (N-19) antibody (Santa
Cruz Biotechnology).
2.9. Electron microscopy
Strain BY4741 carrying an empty vector or one expressing caspase-
10 from the GAL1 promoter were grown overnight in SC-Ura medium
and then diluted into SC-Ura containing 2% galactose and 1% rafﬁnose
as carbon sources. After 6 hours incubation at 30 °C, cells were ﬁxed by
addition of glutaraldehyde to the growth medium, stained with
potassium permanganate and prepared for electron microscopy as
described previously [20]. Images were collected on an FEI BioTwin G2
microscope using an accelerating voltage of 80 kV and an AMT XR-60
digital camera.
3. Results
3.1. The expression of human CASP8 and CASP10 is toxic in S. cerevisiae
The human CASP8 and CASP10 transcripts are subject to extensive
alternative splicing that generates multiple isoforms within the cell.
However, the isoform C of caspase-8 (also labeled as MACH-alpha-2
or MCH5-beta) and the isoform D of caspase-10 are the most
common isoforms of caspase-8 and caspase-10 in human tissues
[21,22]. We therefore designed speciﬁc primers (see Supplementary
Data Table 2) to amplify their corresponding ORFs from Jurkat cell
cDNA by PCR. The sequences of the transcript variants C and D of
CASP8 and CASP10, respectively, were ampliﬁed and veriﬁed by
sequencing of the entire PCR products. We also isolated another
splicing-variant of CASP8 (termed as variant_S) encoding for a novel
unknown isoform (GenBank EU168332), which is shorter than the
isoform C but also comprises two DED domains and a caspase
domain (Fig. 1). The three ORFs were cloned into the yeast episomic
expression vectors pESC-LEU (for CASP8 alleles) and pESC-URA(CASP10) and were introduced into the BY4741 haploid strain of S.
cerevisiae. The corresponding empty vectors were also used to
transform the BY4741 strain and were employed as negative controls
in ensuing experiments.
The expression of caspases in the mutant strains was induced in
galactose-containing media. As shown in Fig. 1, both the isoform C of
caspase-8 and the isoform D of caspase-10 completely abolished the
growth of S. cerevisiae. Indeed, their toxicity was comparable to that
associated to the expression of Bax (Fig. 1B). However, the isoform S of
caspase-8 was signiﬁcantly less toxic than isoform C (Fig. 1C). For our
next experiments we decided to use the isoform C of caspase-8 and
the isoform D of caspase-10. Hereafter, these isoforms are referred to
as caspase-8 and caspase-10.
Fig. 2. Human caspase-10 induces S. cerevisiae cell death. (A) Clonogenic assay of the S. cerevisiae strain expressing human CASP10. Data are presented as percentages of surviving
colonies as referred to non-inducing conditions at time 0 h. (B) FUN1 staining of S. cerevisiae cells expressing caspase-10. Metabolic active cells show red ﬂuorescent intravacuolar
structures. (C) Resazurin staining of S. cerevisiae cells expressing caspase-10. Red ﬂuorescence is only present in living cells.
Fig. 3. Caspase-8 and caspase-10 induce cell death independently of the yeast apoptotic
machinery. Plate assay of Δaif1, Δmca1 and rho− strains expressing either human CASP8
or CASP10 genes. Empty vectors were used as controls.
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It has been reported that the expression of human caspase-8
induces cell death in S. cerevisiae [14,15].We thereforewished to know
whether the toxicity associatedwith the expression of the isoformD of
caspase-10 was also due to programmed cell death. We used three
different methods to evaluate the CASP10-induced cell death. As
shown in Fig. 2, the expression of caspase-10 strongly diminished the
clonogenicity of S. cerevisiae after 4 h of induction. Additionally, the
vital dyes FUN1 and resazurin, which detect metabolically active cells,
conﬁrmed that caspase-10 killed most of the yeast cells after 6 h of
expression (Fig. 2). These results clearly revealed that human caspase-
10 induces programmed cell death in S. cerevisiae.
It has been established that mitochondria and the proteins Aif1
and metacaspase are essential for both the life and death of S.
cerevisiae [23]. Consequently, we investigated whether the cell death
induced by caspase-8 and -10 was mediated through those cellular
elicitors. We expressed both CASP8 and CASP10 genes in an aif1
mutant, an mca1 mutant and a rho− mutant, the latter of which lacks
functional mitochondria. Our results showed that the expression of
caspase-8 and caspase-10 also inhibited the growth of the mutants,
indicating that neither the yeast apoptotic proteins Aif1 and
metacaspase nor functional mitochondria are essential for human
caspase-8 and -10 induced cell death (Fig. 3).
3.3. Caspase-10 activation is essential for lethality in S. cerevisiae
Previous studies have reported the enzymatic activity of caspases
in protein extracts from human caspase-expressing yeast [14,15];
however, there is no evidence about the proteolytic activation of
human initiator caspases in S. cerevisiae. We carried out a western-
blot analysis of protein extracts from the CASP10-expressing strain
using an anti-caspase10 antibody to checkwhether human caspase-10
was efﬁciently cleaved in S. cerevisiae. As shown in Fig. 4A the
antibody was able to detect the p10 small subunit (approx. 12 kDa)
resulting from caspase-10 proteolysis demonstrating that human
caspase-10 was efﬁciently activated in S. cerevisiae.
We next wished to investigate whether caspase-10 activation was
necessary to induce cell death in S. cerevisiae. Accordingly, we
designed mutagenic primers (see Supplementary Data Table 2) to
create three mutant alleles of CASP10 deﬁcient in either the catalytic
active cysteine (Cys401) or the aspartate residues involved in activation(Asp219 and Asp416) (Fig. 4B). The substitutions carried out were as
follows: Cys401 was changed to glycine (G); Asp219 was replaced by an
alanine residue (A); and Asp416 was changed to alanine (A). Once we
had ampliﬁed the three mutant ORFs by mutagenic PCR, the presence
of the mutations was veriﬁed by DNA sequencing and the CASP10
mutant ORFs were cloned into the pESC-URA expression vector.
Expression of the mutant alleles of CASP10 in S. cerevisiae was
performed in galactose-containing media (Fig. 4C–D). Our results
showed that none of the three mutant isoforms (Casp10-D219A,
Casp10-D416A or Casp10-C401G)was lethal for S. cerevisiae, indicating
that those replaced residues were essential for CASP10-induced cell
death.
3.4. Human CASP8 and CASP10 trigger a massive production of ROS and
cause phosphatidylserine externalization
The expression of human pro-apoptotic proteins such as Bax is
accompanied by the generation of oxygen radicals [24]. We therefore
Fig. 4. CASP10-mediated cell death requires proteolytic activation. (A) Western-blot analysis of protein crude extracts from a caspase-10 expressing strain. Ponceau red staining of the
blot was used as protein loading control. (B) Schematic representation of the proteolytic activation of caspase-10. The residues involved in either activation or catalysis are indicated
with arrows. (C) Plate assay of S. cerevisiae strains expressing different CASP10 alleles. (D) Growth curves of S. cerevisiae strains expressing different CASP10 alleles.
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with the expression of human caspase-8 and -10. Dihydroethidium
(DHE) and 2,7-dichloroﬂuorescein-diacetate (H2-DCF-DA) were used
to evaluate the production of superoxide and peroxide in the CASP8
and CASP10-expressing strains. ROS-associated ﬂuorescence wasFig. 5. Human caspase-8 and caspase-10 elicit the accumulation of ROS in S. cerevisiae. CASP8
were visualized under ﬂuorescence microscopy at the indicated times after caspase expressevident after 2 and 4 h of CASP8 and CASP10 expression, respectively
(Fig. 5). Dead cells (ghosts) were also clearly visible after 4 h of caspase
expression. It is remarkable that after 4 h of caspase expression almost
all cells showed a high level of oxidative stress, as indicated by the
visualization of the ﬂuorescent dyes.and CASP10-expressing strains were stained with either DHE or DCF-DA and yeast cells
ion. DIC images are also included. Glucose cultures were used as negative controls.
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produced other apoptotic phenotypes such as phosphatidylserine (PS)
exposure or DNA degradation. Zymolyase-treated cells expressing
either caspase-8 or caspase-10 were annexin V-positive, but most of
themwere PI-negative (Fig. 6). The same results were obtained when
intact whole cells were assayed (not shown). Additionally, we
analyzed chromosomal DNA from yeast cells expressing either
human caspase-8 or -10 by pulsed ﬁeld gel electrophoresis. Strikingly,
the chromosomes seem to be intact and DNA was not degraded as
happened when cells were treated with hydrogen peroxide (Supple-
mentary Data Fig. 1). Taken together, our results show that the
expression of caspase-8 and caspase-10 induces a type of cell death
accompanied by certain apoptotic phenotypes such as ROS production
and PS externalization, but it does not show genomic DNA
degradation.
3.5. Human initiator caspases abolish an HU-induced cell-cycle arrest
Apoptosis and cell-cycle progression are connected through
the regulation of the checkpoints that control the activity of
CDKs [25]. In our model, no alteration in the progression of the
cell-cycle in asynchronous cultures was appreciated by FACS analy-
sis after the expression of human initiator caspases (data not
shown).
In response to DNA damage, cells activate the intra-S checkpoint
and the replication of the DNA is reduced [26]. Therefore, we treated
the yeast cells with HU, which is an inhibitor of the ribonucleotide
reductase and induces a cell-cycle arrest in the S-phase, to evaluate
the effect of caspase expression in the activation of the intra-S
checkpoint in response to DNA damage during the replication of DNA.
Yeast cells transformed with an empty vector showed a HU-Fig. 6. Expression of either CASP8 or CASP10 in S. cerevisiae causes phosphatidylserine exte
containing media for 4 h and the Apoalert AnnexinV Apoptosis Kit (Clontech) was used to ob
negative controls.dependent block of the cell-cycle as expected (Fig. 7); however, the
cells expressing either caspase-8 or caspase-10 did not response to the
HU treatment and were completely insensitive to the activation of the
intra-S checkpoint (Fig. 7).
3.6. Actin disorganization follows human CASP10 expression in
S. cerevisiae
Actin dynamics plays a central role in several signaling path-
ways and it is also important in the regulation of yeast cell death.
Indeed, the organization of actin from discrete patches and cables to
large clumps correlates with the levels of ROS [27,28]. To determine
whether the expression of human caspases might affect
the organization of the actin cytoskeleton, we stained yeast cells
with phalloidin after CASP10 induction. Large ﬂuorescent actin
clumps could be seen after 4 h of caspase-10 expression (Fig. 8),
when a ROS high level was also observed (see Fig. 5). In contrast,
normal actin patches and cables were present in non-inducing
conditions. Furthermore, large actin aggregates were associated
within the bud necks of dividing cells after caspase-10 activation
(Fig. 8F–G). Over all, our results indicate that caspase-10 expres-
sion leads to the disorganization of the actin cytoskeleton in
S. cerevisiae.
3.7. Subcellular phenotypes associated with the expression of caspase-10
It has been described that apoptotic yeast cells show certain
phenotypes at the subcellular level such as a high degree of
vacuolation, chromatin condensation and alterations of the ER
lumen [18,29]. Also, mitochondrial disturbance has been reported
upon expression of human caspase-3 and -8 in S. cerevisiae [15].rnalization. Yeast cells harbouring either CASP8 or CASP10 were induced in galactose-
serve the Annexin V- and the PI-associated ﬂuorescence. Glucose cultures were used as
Fig. 7. The expression of human initiator caspases prevents the HU-induced cell-cycle arrest. HU-treated cultures of yeast cells expressing either caspase-8 or caspase-10 were
analyzed by FACS.
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of caspase-10 in S. cerevisiae and analyzed mitochondria and
vacuoles by ﬂuorescence microscopy. As shown in Fig. 9A, highly
vacuolated cells were visible after caspase-10 expression; however,
the mitochondria remained unaltered (Fig. 9B). To gain more insight
into the effect of caspase-10 expression on the organelles of S.
cerevisiae, yeast cells expressing human CASP10 were examined by
transmission electron microscopy. We observed that caspase-10
expression induced organelle degradation in the yeast cells (Fig. 10).
Chromatin condensation and ER with an altered lumen could also
be seen in some cells (Fig. 10B). In addition, alterations in the cell
wall, such as abnormal bud necks and thickening of the cell wall,
were frequent (Fig. 10). Consistent with the ﬂuorescence micro-
scopy results, many of the cells expressing CASP10 appeared highly
vacuolated, with a proliferation of what appeared to be autophagic
vesicles present in the vacuolar lumen. Some cells displayed nuclear
material inside the vacuole, resembling piecemeal microautophagy
of the nucleus that degrades nuclear material [30] (Fig. 10D). Taken
together, our results indicate that vacuole-dependent organelledegradation, which is a typical marker of autophagy, occurs when
caspase-10 is expressed in S. cerevisiae.
4. Discussion
Programmed cell death (PCD) is a term that includes different
types of cell death that have been genetically programmed [31].
PCD has been described in multicellular organisms and, more
recently, it has also been reported in unicellular organisms as an
adaptative mechanism [5]. Apoptosis is a form of PCD that involves
a number of morphological changes within the cell, including
chromatin condensation and DNA degradation. The death execu-
tioners of the apoptotic program include caspases, which are
responsible for eliciting the two main pathways of apoptosis:
intrinsic and extrinsic [1,32]. However, caspases and other ap-
optotic effectors also seem to be involved in cell death-unrelated
functions [32,33]. Yeast cells lacking the typical apoptotic pathways
can serve to uncover yet unknown functions of human caspases.
Thus, in order to develop a new tool for the investigation of
Fig. 8. The actin cytoskeleton becomes disorganized after caspase-10 expression in S.
cerevisiae. Yeast cells carrying human CASP10 were cultured for 4 h in either glucose-
(A) or galactose-containing media to induce caspase-10 expression (B–G). Cells were
stained with phalloidin and were visualized under ﬂuorescence microscopy. Arrows
indicate large actin clumps. Arrowheads point to actin aggregation in the bud necks.
568 P. Lisa-Santamaría et al. / Biochimica et Biophysica Acta 1793 (2009) 561–571unknown counterparts for human caspases, in the present work we
have characterized the effect of the heterologous expression of the
human initiator caspases-8 and -10 in S. cerevisiae.Fig. 9. Caspase-10 expression induces vacuolization in S. cerevisiae. Yeast cells expressing
ﬂuorescence microscopy. Glucose cultures were used as negative controls.The CASP8 and CASP10 genes map at the same region within
human chromosome 2, suggesting that both genes would have
arisen from a duplication event after the divergence of mice from
humans in the course of evolution [1,34]. Whether caspase-8
and -10 exert different functions in apoptosis is controversial;
however, it seems to be accepted that these caspases play dif-
ferent roles in death receptor signaling and other cellular pro-
cesses [34,35].
Here we cloned and expressed the most common isoforms of
caspase-8 (isoform C) and caspase-10 (isoform D) episomically in S.
cerevisiae. Additionally, we examined the effect of a novel isoform of
caspase-8 (isoform S). Cell death was observed after expression of
human caspases-8 and -10 in S. cerevisiae, as indicated by the lack of
clonogenic survival and staining with vital dyes; however, their
lethality differed signiﬁcantly between the caspase-8 isoforms,
suggesting a differential function among the splicing variants of
caspases. Indeed, a previous report has described that the isoform A of
caspase-10 did not elicit cell death when expressed in yeast [14],
conﬁrming that the different isoforms of caspase-10 may also have
diverse effects in S. cerevisiae.
We also observed that the proteolytic activation of caspase-10 was
essential for its lethality in S. cerevisiae and we further observed that
the expression of caspase-8 isoforms either lacking the caspase
domain or with a truncated caspase domain did not cause yeast cell
death (data not shown). Moreover, cell death associated with the
expression of caspase-8 and -10 was not mediated, at least essentially,
either by mitochondria or the yeast apoptotic proteins Aif1 and Mca1,
indicating that other cellular elicitors must be involved in the lethal
effect of caspases in S. cerevisiae. As previously described for theCASP10 were stained with the vacuole marker MDY-64 and were visualized under
Fig. 10. Electron micrographs of S. cerevisiae expressing human caspase-10. (A) BY4741 transformed with the empty vector. (B–D) BY4741/CASP10. N, nucleus; V, vacuole; white
arrows, ER; black arrows, mitochondria; white arrowheads indicate chromatin condensation; black arrowheads point to cell wall abnormalities. Bars, 500 nm.
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interacting proteins in S. cerevisiae might allow the human ortholo-
gues involved in unidentiﬁed caspase-related functions to be
discovered.
As mentioned, the expression of human initiator caspase-8 and -10
in S. cerevisiae encompasses some typical apoptotic phenotypes, such
as chromatin condensation, ROS accumulation, and phosphatidylser-
ine externalization. However, DNA degradation was not detected, as
previously reported for caspase-3 and caspase-8 [15]; this result
contrasts with our electronic microscopy observations regarding
chromatin condensation. Additionally, it became clear that mitochon-
dria, a central organelle in apoptosis [23], are not essential for the
caspase-induced toxicity in S. cerevisiae since the cell death was not
abolished in a rho− strain.
It has previously been reported that apoptosis and cell cycle
regulation are linked, and that caspases, including human caspase-8,
-10 and yeast Mca1, have non-death roles in the regulation of the cell
cycle and proliferation [4,36,37]. Oxidative DNA damage causes a
replication stress that activates the cell-cycle checkpoints to prevent
the replication of damaged DNA and repair the defects [38]. In
addition, it has been described that DNA replication defects cause
apoptotic cell death in yeast [25]. The expression of human initiator
caspases in S. cerevisiae triggers a massive production of ROS, which
might eventually activate the G1 or intra-S checkpoints of the cell
cycle in response to the oxidative damage to DNA. However, our
results revealed that yeast cells expressing either caspase-8 or
caspase-10 did not respond to HU treatment and continued dividing,
thus indicating a possible role of those caspases in the regulation of
the cell-cycle through the inactivation of DNA replication checkpoint
proteins.
The actin cytoskeleton, the cell wall, and endomembranous
organelles such as vacuoles and ER are somehow altered as aconsequence of caspase-10 expression in S. cerevisiae. Actin aggrega-
tion in yeast caused by decreased actin turnover has been related to
the release of ROS by mitochondria [27]. It has also been reported that
the actin cytoskeleton is sensitive to changes in the levels of oxidative
stress and that disulphide bonding in the cysteine residues of actin
may function as an oxidative stress sensor [28,39,40]. Accordingly, it
maybe speculated that the caspase-associated phenotype over the
actin cytoskeleton would be an effect of elevated oxidative stress.
Additionally, the observed alterations in the cell wall and bud necks
could also be attributed to increased ROS levels through the induction
of the cell integrity pathway, which has been shown to regulate the
cell wall and actin dynamics in response to different stimuli, including
oxidative stress [41,42].
Yeast vacuoles are acidic organelles with storage and degradative
functions that play a pivotal role under stress conditions [43]. Such
vacuoles are responsible for the degradation of speciﬁc organelles
through a process of autophagy [30,44], which is also considered as an
alternative form of PCD. We observed that caspase-10 expression
induced a vacuole-associated response that led to organelle degrada-
tion, which might resemble microautophagy. Indeed, it has been
reported that the heterologous expression of Bax also induces
autophagic and mitophagic features [45,46]. Moreover, both types of
PCD (apoptosis and autophagy) must be related since it has been
described that cells undergoing autophagy display apoptotic markers
and that caspases also play a role in autophagy [47,48].
The expression of caspase-10 in S. cerevisiae also induced an
expansion of the ER lumen in some cells. This phenotype has been
found in cdc48 yeast mutants, and was indeed identiﬁed as the ﬁrst
hint of yeast apoptosis [18], and it has been related to the dysfunction
of the ER-associated degradation pathway (ERAD) [49]. ERAD
dysfunction caused by mutations in CDC48 is, in turn, associated
with the accumulation of ROS and caspase-dependent cell death [49].
570 P. Lisa-Santamaría et al. / Biochimica et Biophysica Acta 1793 (2009) 561–571However, a recent report has shown that induced ER stress is
associated with non-apoptotic cell death, preceded by the accumula-
tion of ROS [50]. As stated, mitochondria were not essential for
caspase-induced cell death in S. cerevisiae. Therefore, the ER might be
considered as an alternative source of the oxidative stress associated
to the expression of human caspase-8 and -10 in yeast.
According to our results, all the identiﬁed phenotypes caused by
human initiator caspase-10 in S. cerevisiae appeared immediately after
the expression and activation of the caspase. Indeed, we were only
able to detect the expression of caspase-10 after 4 h of induction in
galactose-containing media andwe also observed cell death and other
associated phenotypes after that time, indicating that the expression
of human initiator caspases triggers an extremely fast lethal response.
As mentioned above, the present yeast model might be considered as
an appropriate tool to investigate as yet unknown functions of human
initiator caspases.
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